This paper proposes a rotor damper as a device to reduce the rotor loss. The rotor damper is a thin copper plate inserted between the magnets and the rotor shaft. The eddy current in this damper can suppress the flux harmonics with minimum rotor loss. Both analytical estimation and numerical simulation are performed. The experimental results show that the technique is effective and practical.
Introduction
Depending on the mechanical structure of the rotors, permanent magnet motors can be classified into two types, surface permanent magnet synchronous motors (SPMSM) and interior permanent magnet synchronous motors (IPMSM). Their schematic structures are shown in Fig. 1 . One of the major factors to restrict the critical or the maximum speed of the rotor is the frequency of bending resonance. In the high speed use, SPMSMs with a solid rotor core are often preferred because their large stiffness of the rotors makes the resonance frequency higher (1) . It is known that the excessive temperature rise causes the demagnetization of the permanent magnets. When we adopt the rotor of SPMSM as mentioned above, the temperature rise due to the eddy current loss become major concern in designing the rotor. There are two reasons why the rotor temperature tends to rise.
The first reason comes from the solid rotor itself (2) . In the solid rotor of SPMSM, the eddy current due to the spatial and time harmonics of the magnetic flux is much larger than that of laminated magnetic sheets. This is significant when the motor is driven by PWM inverters. Thus the sinusoidal filters at the output of PWM inverters are sometimes required.
The second reason is the existence of the rotor sleeve which fastens the magnet pieces against the large centrifugal force. The shrink ring, for example the FRP, is often used as a sleeve. But the thermal conductivity of such material is usually much lower than that of metals. Therefore, even the small eddy current loss causes the large temperature rise. Needless to say, the adoption of the metal sleeve gives opposite effect, since the eddy current in the sleeve yields incredibly large loss (3) (4) . In the case of the IPMSM, it is reported that the magnet split is effective for the reduction of the eddy current in the magnet (5) - (7) . Although the same thing can be said about the SPMSM, another problem arises by splitting the magnet. If the eddy current in the magnet is reduced, then the fluctuation of the flux is applied to the rotor shaft directly. This yields the increase of the loss on the rotor shaft, that is, only the part of heating is shifted (14) . Needless to say, the split of rotor shaft is practically impossible, since it causes the severe deterioration of the rotor strength.
Compared with the IPMSM, the SPMSM has one more weak point about the rotor loss. That is the narrow gap between the surface of the magnet and the teeth of the stator. In the case of the IPMSM, the magnet pieces are covered by the laminated magnetic sheets of the rotor core. Thus the spatial harmonics of flux in the air gap is averaged and smoothed. This yields the reduction of flux fluctuation and enables the multipolar motors with concentrated windings (8) - (10) . Conversely, the SPMSM is susceptible to the spatial harmonics of the flux. In order to reduce the spatial harmonics, the distributed windings are often preferred rather than the concentrated windings. The arrangement of slots and coils of the stator should be carefully determined (11) (12) . Furthermore, the slot-less stator is sometimes employed in severe conditions (13) . For the circumstance mentioned above, the techniques for reducing eddy current loss in the rotor of SPMSM may considerably different from those for the IPMSM. This paper propose a rotor damper as a device for the rotor loss reduction (14) (15) . The rotor damper is a thin copper plate inserted between magnets and a shaft as illustrated in Fig. 2 . The eddy current in this damper can push back the flux harmonics with minimum rotor loss. In this paper, analytical estimation and numerical simulation of the rotor damper are reported. Experimental results show that the technique is effective and practical.
Rotor Damper

Principle of Rotor Damper
In the SPMSM, the three phase armature current of the fundamental frequency generates rotating magnetic flux which synchronize to the rotor rotation. This flux can reach to inner of the rotor shaft, since the flux is stationary on the rotating coordinate. Conversely, high frequency PWM harmonics and spatial flux harmonic can flow only near the surface of the rotor, because of the skin effect on the rotor shaft. The paths of this flux are schematically indicated in Fig. 3 .
By using the d-q axis equivalent circuit of the rotating machine, the behavior of the eddy current on the rotor can be discussed easily. The d-q axis equivalent circuits are illustrated in Fig. 4 (16) (17) . In this figure, the exciting winding of usual synchronous machine is replaced with the equivalent circuit for magnet pieces which is denoted by L M , R M and I m . Furthermore, it is supposed that the eddy current flows in equivalent circuits with inductance L d , L q and the resistance R d and R q .
Let frequency, the harmonic current flows to the rotor or the magnets. The harmonic current in R d , R q and R M cause the eddy current loss in the rotor and magnet pieces. If the resistances R d , R q are short-circuited by low resistance R dmp , these losses can be reduced. Note that the increase of armature current caused by paralleling the resistance R dmp is restricted by armature impedance R a and L l . Furthermore, paralleling the resistance R dmp may yield the reduction of eddy current loss in the magnet pieces, because the harmonic voltage applied to the serially connected inductor L M and resistor R M is reduced. That is the basic idea of the rotor damper. More detailed discussions are done in following sections by using the theory of skin effects.
Skin Effect and Surface Resistivity
Especially in the high frequency range of the PWM harmonics, the skin effect plays important rolls for the eddy current loss on the rotor. Hence, the theory of skin effect is summarized.
Let us consider the flux distribution in the magnetic material in the form of infinite plate, as shown in Fig. 5(a) . The differential equation is given by (1) , where the variable ω denotes the angular velocity, the constants σ and μ denote the electric conductivity and the magnetic permeability respectively. From (1), the Helmholtz equation (2) can be derived. Solving (2) with boundary conditionḢ(0) =Ḣ 0 yields the magnetic distribution (3). Here, the δ is the skin depth defined as (4) .
From (1) and (3), the eddy currentJ(x) inside the material is given by the followings.
The distribution of eddy current loss is expressed as (6) , and the loss per unit area is given by (7) . Where, the R defined by (8) is regarded as an equivalent surface resistivity when the magnetic fieldḢ 0 is applied parallel to the surface of the material. The eddy current loss is proportional to this surface resistivity for supplied magnetic field. This surface resistivity is widely used in the area of RF engineering (18) (19) . One should take care not to confuse it with the surface resistivity used in the area of material test.
The surface resistivity defined in (8) can also be interpreted as a circuit resistance on the surface of the rotor, since it is the inverse of the product of conductivity σ and skin depth δ. Therefore, this surface resistivity can be regarded as the resistance R d and R q in the equivalent circuits given by Fig. 4 .
The material constants of permanent magnet, the rotor shaft and damper are shown in Table 1 . It is notable that the surface resistivity of the copper is about one eightieth of that of steel. The rotor damper uses this property.
Loss Reduction
The magnetic field on the rotor surface may have parallel and orthogonal components to the rotor surface. But it is difficult to describe this magnetic field intelligibly, because the rotor has a cylindrical shape. In order to help ones understanding, the round rotor is schematically transformed to rectangle form as shown in Fig. 6 . This helps to apply the theory of eddy current in infinite plane summarized in previous section. The magnetic field at the area P in Fig. 6(b) is assumed that the flux is parallel to the rotor surface, while the area O is that the flux is orthogonal to the rotor surface.
Here, the parallel component of the magnetic field is studied first. From (7), the eddy current loss is proportional to the square of the magnetic field, which is parallel to the surface of the materials. When the shaft is covered by thin copper plate, the parallel magnetic field inside the copper plate is reduced. And the diminution of the magnetic field is determined by the skin depth of the copper. Because the surface resistivity of the copper is much smaller than that of steel, the eddy current loss of this copper plate is quite little compared to that of the steel rotor shaft. After all, the total eddy current loss of the rotor shaft can be reduced. Figure 7 shows the distribution of the magnetic field, the current density, the flux density and the loss, when the rotor damper is installed. Here, the thickness of the rotor damper is varied from 0.0 mm to 0.8 mm. Note that the reduction rate of the loss shown in Fig. 7(d) is larger than the reduction rate of the eddy current shown in Fig. 7(b) . This is because the loss is proportional to the square of the eddy current.
When the rotor damper is installed as Fig. 5(b) , the eddy current loss (7) is modified as follows.
Here, R d and R s are surface resistivity of the damper and the steel shaft respectively. The constant D is the thickness of the rotor damper. The loss on the rotor with the rotor damper is shown in Fig. 8 . At the frequency of 8 kHz, PWM carrier frequency of our study, the loss is reduced more than by half when the thickness of damper is set to 0.4 mm.
Although the existence of the magnet pieces is ignored in the above discussion, it is clear that the existence of the magnet does not affect the loss reduction of the rotor shaft. So far as the theory of eddy current in infinite plane is applied, the rotor damper can only reduce the eddy current loss inside the damper.
In the next section, the FEM analysis shows that the loss in magnet is also reduced by rotor damper. In order to clarify this effect, here we calculate the orthogonal component of the magnetic field against the rotor surface shown in Fig. 6 . This magnetic field corresponds to the flux passing through the rotor.
If the external magnetic field is applied as Fig. 6 , the total flux in the rotor is given by the following. Here, δ c and δ s are skin depth of the damper and the rotor shaft.
By using (10), the admittance of the magnetic circuit, which is indicated in Fig. 6 , is defined by (11) . 
LetẎ 0 be a magnetic admittance when the thickness of the damper is zero. The ratios of the admittanceẎ/Ẏ 0 are illustrated in Fig. 9 for various thickness of the damper. In the high frequency, the magnetic admittance is reduced relatively to that of shaft without damper. This provides the reduction of PWM harmonics of orthogonal flux through magnet pieces in Fig. 6(b) . After all, the rotor damper can reduce the eddy current loss in the magnet.
It should be noted that the effect of the damper in the area O of Fig. 6 is not evaluated in the above discussion. Thus the actual eddy current loss of the magnet is expected to be smaller than the evaluation. In addition to the PWM harmonics, there is the loss by the slot effect of the stator windings. However, it is very difficult to evaluate them analytically, because it requires the complex field analysis. So, the finite elements analysis should be used for more precise evaluations.
Finite Elements Analysis
Motor and Driving Condition
The eddy current loss on the rotor is estimated by finite elements analysis in this section. The 4-pole high-speed synchronous motor is driven by a PWM inverter. Constants of the motor and the driving inverter are shown in Table 2 . Dimensions for the magnetic circuit, including the gap length and thickness of magnet, are also listed in Table 2 . The magnet shape is arch i.e. segment type with constant thickness. In all the simulations and experiments, the number of magnet split in axial direction is not changed. Only the number of magnet split in hoop or circumferential direction are changed. The split number is the number of magnet segments per pole. Six segments of magnet means 24 magnet pieces on whole circumference, since the number of poles of this motor is four.
The waveforms of the armature current are chosen sinusoidal and PWM. In order to obtain the current waveform driven by the PWM inverter, Spice circuit simulator is used. In addition to the usual waveform of 2-level PWM inverter, that of 3-level inverter is obtained. The filter reactors are inserted between the 2-level PWM inverter and the motor, while the 3-level inverter is connected to the motor directly. The circuit schematics of the inverter and motor are illustrated in Fig. 10 . The waveform of 2 and 3-level inverters are illustrated in Fig. 11 . The FFT analysis of armature current is shown in Fig. 12 . Current harmonics are observed in the frequency range of 3 kHz to 10 kHz or more.
Simulation Results
The MagNet 2D/3D Electromagnetic field simulator of Inforitica Corp. is used. The Table 2 . Constants of the motor and inverter. simulation is formulated as a two-dimensional problem. As shown in Table 1 , skin depth of the rotor shaft at PWM frequency is only 0.13 mm. In order to reduce the discretization error due to this small skin depth, the maximum element size at the surface of the rotor shaft is chosen to 0.05 mm. By using the periodic boundary condition, one fourth of the motor is modeled. An example of simulated flux density is as shown in Fig. 13 . In the simulation, the thickness of the copper-plating rotor damper is chosen to 0.0, 0.2, 0.4, 0.6 mm. The permanent magnet is split to two and six pieces per pole. The simulated results are summarized in Table 3 and Fig. 14 .
In the first eight cases, simulations are done with sinusoidal drives. In these cases, the eddy currents are caused by partial harmonics of the flux density due to the winding arrangement and the slot effect of the stator core. So the eddy current losses are not so large. Maximum value of the loss is 25.2 W in the case of no damper and the magnet split is two. The difference about the number of magnet splits is little. The effectiveness of the rotor damper is also little.
Next eight cases, from No. 9 to 16, are simulated with twolevel inverter drives. Without the damper, No. 9 and 13, the eddy current losses are increased more than four times of sinusoidal drives. It is impressive that the magnet split causes opposite effect. The total loss with 6-pieces magnet is larger than that of 2-pieces. In case of the 6-pieces split, the eddy current loss in the magnet is reduced by half, while the loss in the rotor shaft is doubled. Because the eddy current in the magnet is reduced, the fluctuation of the flux is applied to the rotor shaft directly (14) . By applying the rotor damper, the total eddy current loss is reduced as expected. Even the damper with 0.2 mm thickness, the loss of the rotor shaft is drastically reduced. Moreover, the loss in the magnet is reduced less than one third. Instead, the eddy current loss in the damper is increased.
The simulation results when the motor is driven by 3-level inverter are also listed in Table 3 . Eddy current loss in case of 3-level inverter is almost same to that of 2-level inverters. By combining the rotor damper with 3-level inverter, expensive and bulky reactors can be eliminated.
Instantaneous distributions of eddy current are shown in Fig. 15 . In these simulations the motor is driven by 2-level inverter with reactors. At the surface of the rotor shaft in Fig. 15(a) or at the rotor damper in Fig. 15(b) , eddy currents are concentrated. In the pieces of permanent magnet, periodic distribution of eddy current loss is observed as if it is caused by the slot effect. This does not imply that that the loss is caused only by the slot harmonics. Assume that the rotor completely remains stationary and is not rotating. When PWM current is applied to the armature winding, the deviation of flux density near the tooth top is larger than that on stator slot. So the induced voltage is distributed periodically on the rotor. This provides the periodic distribution of eddy current loss on the rotor. The time domain PWM harmonics causes the eddy current loss with striped pattern due to the slots allocation.
Installation Place of the Damper
Instead of surface of the rotor shaft, the rotor damper can be placed on outside the magnet pieces. According to the discussion based on the equivalent circuit Fig. 4 , there may be no difference between the damper installed behind the magnet and that outside the magnet.
In order to clarify this question, simulation for damper placed outside the magnet is done. The magnet split is two and the thickness of the damper is 0.4 mm. The current Table 3 and Fig. 14, and Fig. 15(c) . The total loss in the rotor is 105.3 W. Most of the loss is generated in the damper.
The loss could not be reduced than authors expected. The skin depth of the damper is 0.73 mm at 8 kHz as indicated in Table 1 . This means that the spatial harmonic is mostly reduced by thin rotor sleeve if it is installed on the surface of the magnet. Most of spatial flux harmonics, as well as the time harmonics, are blocked on the rotor sleeve and transformed to eddy current loss. This yields the increase of eddy current loss in the damper. In addition to the rotor damper outside the magnet, a similar phenomenon was reported on the magnet pieces with aluminum plating (14) . If the rotor damper installed behind the magnet, spatial flux harmonics reaches to the damper though the magnet pieces. The skin depth of the magnet is 6.3 mm at 8 kHz as indicated in Table 1 , while the thickness of the magnet is 4.0 mm as in Table 2 . Some of spatial harmonics may reach to the surface of the rotor damper. But in addition to the skin effect in the magnet, the strength of the spatial harmonics is more weakened, because the distance from the teeth to the rotor damper is comparable to the teeth pitch. Indeed, the teeth pitch of this motor is about 9.6 mm and the distance from the teeth to the rotor damper is 9.0 mm. Thus, the rotor damper is hardly Loss Reduction on Rotor of Inverter Driven SPMSM Masashi Sawada et al. affected by the spatial flux harmonics. The loss in the damper is mainly caused by time harmonics of the PWM currents. It should be noted that the eddy current loss in the magnet can be reduced even if the damper is behind the magnet, because the damper reduces the time harmonics of the total flux generated by the PWM current as indicated in Fig. 4 .
If there is not enough space between the rotor and the stator, the diameter of the rotor shaft may be reduced to insert the damper. This yields the reduction of the torque constant of the motor. The reduction of torque constant of the motor is shown in Fig. 16 . In the case of 0.4 mm thickness of the damper, the reduction of torque constant is about 4.5% which is not a negligible quantity. In the motor used for the experiments of the next section, the actual air gap is narrowed to avoid the reduction of torque constant.
Experimental Results
Measuring Method
The high speed motor used for the experimental test is shown in Fig. 17 . This motor uses magnetic bearing to suit the high speed use. In order to evaluate the effectiveness of the rotor damper, two kinds of rotors are prepared, one is with 0.4 mm thickness rotor damper and the other is without the damper.
Because the rotor is covered with rotor sleeve and the rotating speed is very high, it is very difficult to measure the rotor temperature directly. Instead of the direct measurement, the physical expansion of the rotor is measured. The temperature of the rotor is calculated by this expansion by using the coefficient of the thermal expansion of the rotor shaft.
Two displacement sensors, which are built in the motor case, are used to measure the apparent extension of the rotor shaft. In addition to these built-in sensors, two displacement gauges are used to measure the extension of motor case.
Let l s and Δl s be the span of rotor between built-in sensors and its apparent expansion caused by temperature rise of the motor. Furthermore, let l c and Δl c be the span between two displacement gauges measuring the extension of motor case, and its thermal expansion. Then the true expansion of the rotor shaft can be estimated by Δl s + (l s /l c )Δl c . By using the coefficient of thermal expansion, the average temperature rise ΔT of the rotor between built-in sensors is calculated by the following.
Here the constant α is the coefficient of thermal expansion of the rotor shaft material and set to 11.2 × 10 −6 1/K. The measurement construction mentioned above is shown in Fig. 18 .
Results
As indicated in Fig. 19 , the mechanical load for the motor is composed by a similar motor which is used as generator and load resistors. Capacitors are also attached to compensate the voltage drop due to the armature inductance of the generator. The motor is driven by 2-level PWM inverter. The filter reactors are inserted between the motor and the inverter. The waveform of the armature current is shown in Fig. 20 . The total harmonic distortion is about 6%. The actual tests using the rotor without damper was done in Dec. 2011, and the actual test using the rotor with damper was done in Aug. 2012 after remaking the rotor. In all the tests, the mechanical load is determined by adjusting the load resistors, while the rotating velocity is determined by the velocity commands fed to the feedback regulator in the inverters. Three test conditions are tried in case of motor without rotor damper, 235 kW/22,600 rpm, 235 kW/20,400 rpm and 218 kW/19,000 rpm. For the motor with rotor damper, test conditions are chosen 225 kW/22,600 rpm and 225 kW/ 26,100 rpm. The decrease of the power in case of motor with rotor damper is not caused by the torque reduction due to inserting the rotor damper. It was only caused by the limitation of the test facilities. Unfortunately, more mechanical load was not allowed because of the temperature rise of load resisters in summer conditions.
From the experimental results, the average temperature rises are estimated as shown in Fig. 21 . The temperature rise with the rotor damper is about 15 degree C, while the temperature rise without damper is 30 degree C or more. So the thermal extension of the rotor shaft is reduced by half. Noted that the temperature distribution of the rotor is not uniform. So the maximum temperature rise of the magnet should be estimated higher than the average temperature rise obtained by the proposed method. A simulation example of the temperature distribution is shown in Fig. 22 , where the distribution of eddy current loss in the rotor is assumed to be uniform. The ununiformity of the temperature comes from the heat dissipation path. This simulation results shows that the maximum temperature rise of the magnet is approximately twice of the average temperature rise of the rotor. This means that the reduction of the maximum magnet temperature is also much larger than that of average temperature. Experimental results show that the FEM analysis for eddy current loss is adequate and that the damper is effective to reduce the temperature rise of the rotor.
It should be mentioned about the change of electric constants of the motor by inserting the rotor damper. The rotating speed of this motor is controlled by a sensor-less controller. The motor constants are used in the sensor-less controller. As far as our experiments, the change of the control parameters for the sensor-less control is not required. This may be because the parameter change of the motor is restricted only in high frequency range.
Conclusion
The rotor damper is proposed to reduce the eddy current loss on the rotor. The loss is estimated analytically and numerically. Finite elements analysis shows that the PWM harmonics increase the eddy current loss on the rotor more than five times of sinusoidal drive. It was shown that even the thin cupper plating can reduce the eddy current loss dramatically. By using the rotor damper, eddy current loss on the rotor were decreased less than two times of sinusoidal drive. In addition to the 2-level PWM inverter, eddy current losses with the 3-level inverter are estimated by finite elements analysis.
The proposed rotor damper is applied to an actual motor. Experimental results show that the rotor temperature was decreased about fifteen degrees. This implies that the limitation of the Curie temperature of permanent magnet can be mitigated. Furthermore, voluminous and expensive sinusoidal filter can be eliminated by the combination of rotor damper and multi-level inverters.
